Background and Objective: While noninvasive brain stimulation techniques show promise for language recovery after stroke, the underlying mechanisms remain unclear. We applied inhibitory repetitive transcranial magnetic stimulation (rTMS) to regions of interest in the right inferior frontal gyrus of patients with chronic poststroke aphasia and examined changes in picture naming performance and cortical activation.
A phasia, the acquired loss of language abilities, is one of the most devastating and feared consequences of stroke (Solomon et al, 1994) , affecting 15% to 38% of stroke survivors (Berthier, 2005; Wade et al, 1986) . In the weeks to months after brain injury, cortical activation patterns associated with language tasks change significantly. Evidence suggests that these tasks can engage both residual left hemisphere language regions and their right hemisphere homologues (Buckner et al, 1996; Gold and Kertesz, 2000; Rosen et al, 2000; Saur et al, 2006; Szaflarski et al, 2013; Warburton et al, 1999; Weiller et al, 1995) . In recent years noninvasive brain stimulation (NBS) techniques, such as repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation, have been used experimentally to help patients with chronic poststroke aphasia recover language abilities (for reviews, see Chrysikou and Hamilton, 2011; Coslett, 2016; Hamilton et al, 2011; Shah et al, 2013) . Apparently, NBS promotes neuroplastic changes that improve language processing. However, despite findings demonstrating promising effects of NBS, the neural mechanisms by which focal brain stimulation boosts aphasia recovery remain unclear. The absence of clear principles guiding the application of these treatment approaches limits their clinical use (Turkeltaub, 2015) . To better understand how neural stimulation modulates the language network in poststroke aphasia, we combined rTMS with functional magnetic resonance imaging (fMRI) to investigate changes in the cortical activation patterns associated with picture naming before and after treatment. This work can, by extension, inform the use of NBS in aphasia treatment protocols.
Several studies have used inhibitory rTMS over the right hemisphere homologue of the Broca area in the right inferior frontal gyrus (IFG) to facilitate naming and other language abilities in people with aphasia (Hamilton et al, 2010; Medina et al, 2012; Naeser et al, 2005a Naeser et al, , 2005b Naeser et al, , 2010a . Many studies cite the "interhemispheric inhibition hypothesis" in support of this approach. This model assumes that damage to the left hemisphere releases the right hemisphere from transcallosal inhibitory input, resulting in increased right hemisphere activation and, consequently, increased behaviorally deleterious transcallosal inhibition of the already damaged left hemisphere (Fregni and Pascual-Leone, 2007) . This model is broadly consistent with evidence of beneficial effects from TMS treatments intended to suppress right IFG activity (Naeser et al, 2005a (Naeser et al, , 2005b or excite left perilesional cortical activity (Griffis et al, 2016; Szaflarski et al, 2011) . This view reflects studies showing a correlation between better aphasia recovery and the reacquisition of perilesional regions for language processing (Postman-Caucheteux et al, 2010; Rosen et al, 2000; Saur et al, 2006; Szaflarski et al, 2013) . Thus, most accounts predict that TMS facilitates aphasia recovery by promoting the recruitment of the native language hemisphere and minimizing involvement of the right hemisphere during language processes.
By contrast, data from behavioral, imaging, and TMS studies indicate that the role of the right hemisphere is not just deleterious (Hamilton et al, 2010 Medina et al, 2012; Turkeltaub et al, 2012) . Some evidence suggests that recruitment of right hemispheric homologues of left hemispheric language-related centers could represent a compensatory acquisition or unmasking of language abilities (Buckner et al, 1996; Crosson et al, 2009; Gold and Kertesz, 2000; Xing et al, 2016) . Other data indicate that the role of the right hemisphere in aphasia recovery is multifaceted: compensatory in some instances and seemingly deleterious in others (eg, Turkeltaub et al, 2011; Winhuisen et al, 2005 Winhuisen et al, , 2007 ; reviewed in Hamilton et al, 2011) . For instance, we have shown that although inhibitory rTMS to the right IFG facilitated naming performance in a patient with a stroke affecting the Broca area, a second stroke affecting the right hemisphere subcortical white matter resulted in a selective decline in language performance (Turkeltaub et al, 2012 ; see also Basso et al, 1989) . Thus, an increasing body of evidence suggests that the role of the right hemisphere in aphasia recovery is complicated.
In light of this conflicting evidence, the primary goal of our experiment was to examine the neural mechanisms underlying long-lasting improvements in naming performance in patients with aphasia treated with inhibitory right IFG rTMS. Our aim was to elucidate the role of right hemisphere language homologues in aphasia recovery. Prior work showed that a single administration of rTMS can have immediate benefits on naming performance, but the effect is only temporary, dissipating within 30 minutes after stimulation (Naeser et al, 2002 ; see also Naeser et al, 2005a) . With administration of rTMS over several days, the beneficial effects can last from 2 to 10 months after stimulation (eg, Hamilton et al, 2010; Medina et al, 2012; Naeser et al, 2005a Naeser et al, , 2005b ).
In the current study, patients with chronic poststroke aphasia underwent language testing and fMRI imaging once before and 2 and 6 months after a 10-day course of rTMS therapy. We used a stimulation site-finding protocol (previously described by Garcia et al, 2013) to account for individual variability in response to rTMS therapy as a function of functional neuroanatomy and/or lesion location. Combining behavioral testing (naming performance), rTMS, and fMRI, we investigated the brain activation changes associated with sustained behavioral improvement after rTMS. This study provides novel evidence that adds to the current understanding of how TMS promotes long-term neuroplastic changes in the language network of individuals with chronic aphasia. Few previous studies have followed up behavioral changes, and even fewer have followed up behavior-related neural changes for as long a time (6 months) as we report here. As an example, see Martin et al (2009a) for behavioral and accompanying neural changes pre-versus post-TMS in an individual who improved following therapy and one who did not.
In addition, we explored the immediate effects of rTMS therapy by assessing naming performance for repeated and novel stimuli before and immediately after stimulation on the first and last days of treatment. Our purpose was 2-fold. First, we sought to demonstrate that this treatment approach has an immediate effect on naming performance consistent with evidence presented elsewhere (eg, Martin et al, 2004; Naeser et al, 2002) . Showing that would, in turn, support the notion that the sustained naming improvements and associated changes in neural activation patterns observed long after stimulation (ie, 6 months post-rTMS) could be attributed to the rTMS therapy. Second, the presentation of repeated and novel stimuli allowed us to investigate a previously unexamined question: whether the beneficial effects of rTMS therapy on naming generalize to novel stimuli. Typically, researchers investigating the clinical use of rTMS first conduct extensive baseline testing with selected stimuli to establish stable patterns of performance. Then they assess TMS-induced improvements in naming the same stimuli (eg, Barwood et al, 2011; Hamilton et al, 2010 ; following the protocol described in Martin et al, 2009b, and Naeser et al, 2010b) .
In behavioral interventions for aphasia, generalization to untrained language is the gold standard for determining the effectiveness of a particular treatment protocol (eg, Kiran and Bassetto, 2008; Martin et al, 2007; Nickels, 2002) . Indeed, some neurostimulation studies have shown improved discourse in conversational speech after rTMS therapy (Hamilton et al, 2010; Medina et al, 2012) , suggesting that the beneficial effects of this treatment approach extend beyond picture naming to other aspects of language (for a review, see Naeser et al, 2010b) . To our knowledge, however, generalization within the context of naming has yet to be demonstrated with rTMS therapy in the absence of concurrent speech-language therapy (see Cotelli et al, 2011) . It is thus difficult to discern how NBS treatment approaches compare with those that have been traditionally used in formal speech-language therapy settings.
METHODS

Participants
Participants were seven men and two women with chronic poststroke aphasia following a single unilateral ischemic stroke in the left hemisphere. We recruited participants from stroke databases at the University of Pennsylvania (Philadelphia, Pennsylvania) and Moss Rehabilitation Research Institute (Elkins Park, Pennsylvania). The individuals in these databases had given prior consent to be contacted for research opportunities. All participants were right-handed, native English speakers with mild-to-moderate nonfluent aphasia. We instructed our participants not to initiate other forms of speech or language therapy for the duration of the study. Inclusion criteria for our study were relatively intact language comprehension, as defined by performance at or above the 25th percentile on the Boston Diagnostic Aphasia Examination ) word comprehension and commands subtests; no other concurrent history of neurologic, psychiatric, or unstable medical conditions; and no contraindications to TMS. In addition, patients had to demonstrate an ability to produce meaningful words and phrases two to four words in length (see Medina et al, 2012 , for details on eligibility criteria). The patients' mean age ( ± standard deviation; range) was 61 years ( ± 8; 47 to 75); education, 16 years ( ± 4; 12 to 24); months since onset, 55 ( ± 33; 6 to 102); and lesion volume, 137 cm 3 ( ± 38; 37 to 252) ( Table 1 ). Of the total group, a subset of six patients completed the combined rTMS/fMRI study. Figure 1 displays structural MRI scans of the six patients' lesions.
The study was approved by the University of Pennsylvania institutional review board. Participants provided written informed consent before entering the ). †Scores come from the Boston Naming Test . ‡Patient received rTMS treatment, but did not participate in the functional magnetic resonance imaging portion of the study. TMS = transcranial magnetic stimulation. M = male. MCA = middle cerebral artery. rPTr = right pars triangularis. BA = Brodmann area. rPOrb = right pars orbitalis. F = female. M1 = primary motor cortex. SD = standard deviation.
study. The study was registered through ClinicalTrials.gov (Identifier NCT00608582).
Procedures
Naming Assessment and Analyses
To assess the immediate effects of rTMS on naming performance, we asked participants to name 40 pictures selected from the Snodgrass and Vanderwart (1980) picture database before and immediately after rTMS on the first and last days of the 10-day course of rTMS therapy, for a total of 160 naming trials. Twenty of the pictures in each of the four 40-item lists were the same (ie, "repeated"), and the remaining 20 pictures in each list were novel. For one participant (Patient 1), eight items repeated across the four sessions and the number of novel items in each session varied (day 1: pre-rTMS = 12, post-rTMS = 16; day 10: pre-rTMS = 8, post-rTMS = 9) as a result of experimenter error. Repeated and novel pictures presented within and across lists were matched for lexical frequency and visual complexity, and their names were one-or twosyllable words. Pictures were presented in a pseudorandom order with the constraint that no two consecutive words began with the same phoneme or belonged to the same semantic category (described in Hamilton et al, 2010) . Pictures assigned to each item type (repeated or novel), day (1 or 10), and stimulation condition (pre-or post-rTMS) were counterbalanced across participants. Data were unavailable from one participant (Patient 7) who did not complete the combined rTMS/fMRI protocol.
Responses that deviated from the target response by one phoneme were considered correct. We analyzed the percentage of trials named correctly using a within-subjects repeated-measures analysis of variance with the fixed factors "item type" (repeated, novel), "day" (1, 10), and "stimulation" (pre-rTMS, post-rTMS).
We assessed long-term effects of rTMS therapy on naming performance using the Boston Diagnostic Aphasia Examination's Naming in Categories subtest ), a standardized naming assessment that includes three categories (Actions, Animals, and Tools) of 12 items each. Our participants underwent one to four baseline naming sessions (pre-rTMS) to establish a stable measure of performance, with the majority (n = 6) completing three baseline sessions and the others completing one, two, and four sessions each. We tested our participants again at 2 and 6 months post-rTMS. We compared the average percentage of correct picture naming trials across the baseline sessions with the total percentage correct at 2 and 6 months post-rTMS using a withinsubjects repeated-measures analysis of variance with the fixed factor "time point" (baseline, 2 months, 6 months). Follow-up paired-samples t tests compared performance at baseline with that at 2 and 6 months post-rTMS separately.
NBS Site Finding and Treatment Procedure
Stimulation was administered with a 70-mmdiameter figure-of-eight coil (Magstim Rapid Transcranial FIGURE 1. Structural T1-weighted axial slices depicting lesion location and size in the six patients who participated in the functional magnetic resonance imaging portion of the study.
Magnetic Stimulator; Magstim, Whitland, UK). The Brainsight neuronavigational system (Rogue Research, Montreal, Canada) was used to coregister structural MRI data with the location of the patient and the TMS coil. Participants received rTMS (1 Hz; 90% resting motor threshold) for two phases of the study: optimal site finding (10 minutes of 600 pulses in six sessions) and treatment (20 minutes of 1200 pulses for 10 days). In the optimal site finding phase, participants received rTMS to six different sites within the right frontal lobe in separate sessions to identify a region that, when stimulated, maximally improves naming performance (described in Garcia et al, 2013) . Sites included the region of the motor cortex corresponding to the mouth, a site on pars opercularis (Brodmann area [BA] 44), three separate sites on pars triangularis (BA 45; designated in this study as the dorsal posterior, ventral posterior, and anterior pars triangularis), and a site on pars orbitalis (BA 47). Before and immediately after rTMS at each candidate site, participants performed a 40-item picture-naming task. A site was considered to be the optimal target for stimulation if the increase in naming performance from pre-to post-rTMS of that site was greater than two standard deviations from the mean prestimulation performance across all sites (see also Hamilton et al, 2010; Medina et al, 2012; Naeser et al, 2010a; Turkeltaub et al, 2012) . Eight of our nine participants responded best to a site within right pars triangularis (rPTr) stimulation; the other one responded best to right pars orbitalis stimulation (Table 1) .
fMRI Procedure and Analyses
We collected fMRI data from six of the nine participants at three time points (pre-rTMS/baseline, 2 and 6 months post-rTMS). We used a block design with two conditions: overt picture naming (experimental condition) and pattern viewing (control condition) (Figure 2 ). In the experimental condition, patients were presented with a black and white line drawing (taken from Snodgrass and Vanderwart, 1980) and instructed to name the picture aloud. In the control condition, patients were instructed to passively view one of six different black and white checkerboard patterns shown in random order (for details, see Martin et al, 2005 Martin et al, , 2009a . Each trial lasted 6 seconds: 1 second for fixation (with a 120-msec audible beep) followed by 5 seconds of picture naming or pattern viewing. Trials were grouped into alternating blocks of picture naming (three trials per block) and pattern viewing (two trials per block). Ten blocks of each condition made up a single run, which lasted 5 minutes and 12 seconds (104 image volumes). All participants completed at least two runs during each fMRI session, with short breaks between runs. For participants who completed more than two runs, we used only the first two in our statistical analyses. We estimated statistical effects in whole-brain analyses using the general linear model. For each participant, a t contrast (experimental versus control) was used to determine task-related functional activation at each time point. Individual t contrasts were combined to identify common regions of activation at the group level, which we conducted separately for each time point. Statistical maps were thresholded at a voxel-wise level of P < 0.001 (uncorrected) and corrected at a cluster level of P < 0.05 using family-wise error.
fMRI Data Acquisition and Preprocessing
Neuroimaging data were collected with a 3.0-T Siemens Trio Scanner (Siemens, Munich, Germany). For each participant, we acquired high-resolution T1-weighted structural images (160 slices, repetition time = 1620, echo time = 3.87 msec, field of view = 192 × 256, 1 × 1 × 1-mm voxels) and an echo planar imaging sequence (31 slices, repetition time = 3000, echo time = 35 msec, field of view = 64 × 64 mm, 3.75 × 3.75 × 4-mm voxels).
We performed preprocessing and statistical analyses of functional images using SPM8 (Wellcome Department of Cognitive Neurology, London, UK). There were two regressors of interest (timing parameters for picture naming and pattern viewing) and seven nuisance covariates (six head motion parameters and the intercept) for each run. Images were corrected for motion using a rigid-body six-parameter realignment algorithm, which included correction for jaw motion during speech, enabling the inclusion of fMRI volumes acquired during naming trials in statistical analyses (differing from Martin et al, 2005 Martin et al, , 2009a and Turkeltaub et al, 2012 ; but similar to Lee et al, 2017) . The individual motion-corrected functional images were coregistered to the T1 structural images. Spatial normalization of individual T1 images to the Montreal Neurological Institute T1 template image (Holmes et al, 1998) was carried out in SPM8 and checked for accuracy. For images with poor spatial alignment, the T1 origin was manually reset to the anterior commissure. The normalization process generated spatial transformation parameters, which were applied to the echo planar imaging time series. Spatial smoothing (6-mm full width at halfmaximum Gaussian filter) and reslicing resulted in a voxel size of 2 × 2 × 2 mm 3 . We then estimated statistical effects by using the general linear model. Table 2 lists our patients' individual scores on the 40-item picture naming task used to assess immediate effects of rTMS. Table 3 shows their scores on the Boston Diagnostic Aphasia Examination's Naming in Categories subtest ) used to assess long-term effects of rTMS.
RESULTS
Effects of rTMS on Naming Performance
The analysis assessing the immediate effects of rTMS on naming performance revealed a main effect of stimulation (F 1,7 = 8.98, P = 0.02), demonstrating that naming accuracy increased from pre-to post-rTMS (collapsed across repeated and novel stimuli; see Figure 3A ). We also found a three-way interaction between item type, day, and stimulation (F 1,7 = 5.65, P < 0.05). As shown in Figure 3B , the three-way interaction reflects a larger stimulation effect for repeated than for novel items on day 1 of stimulation. The opposite was true on day 10 of stimulation, when the effect was larger for novel than for repeated items. No other main effects or interactions were significant (all P values > 0.49). Analyses assessing only those six participants who completed the combined rTMS/ fMRI study revealed the same pattern of results: a main effect of stimulation (F 1,5 = 7.63, P = 0.04) and a three-way interaction between item type, day, and stimulation (F 1,5 = 6.89, P < 0.05), but no other significant main effects or interactions (all P values > 0.18).
Analyses assessing long-term effects of rTMS therapy revealed that naming performance changed significantly across the three time points (F 2,16 = 11.59, P < 0.001). Follow-up comparisons revealed that the beneficial effect of rTMS on naming accuracy was marginal at 2 months (t 8 = −1.98, P = 0.08) and significant at 6 months postrTMS (t 8 = −4.25, P < 0.01) compared to average baseline performance ( Figure 4A ). Naming performance in the six patients who underwent fMRI scanning also changed significantly across the three time points (F 2,10 = 8.45, P < 0.01). However, follow-up comparisons revealed that naming performance in these patients did not significantly differ at 2 months versus baseline (t 5 = −1.19, P > 0.28), but did significantly improve at 6 months post-rTMS versus baseline (t 5 = −3.60, P = 0.02) ( Figure 4B ). We therefore examined regions that were recruited during picture naming versus pattern viewing pre-rTMS (baseline) versus 6 months post-rTMS.
fMRI Analyses of Brain Activity
The fMRI analyses revealed bilateral changes in the regions recruited for picture naming at the two time points (Figure 5) . Table 4 lists all regions significantly more active for picture naming than for pattern viewing at baseline and 6 months post-rTMS. At both time points, the right superior temporal gyrus and right IFG were more active for picture naming than for pattern viewing. Critically, however, picture naming and pattern viewing recruited two different regions within the right IFG at each time point. The rPTr (BA 45) was significantly more active for picture naming than for pattern viewing at baseline, but not at 6 months post-rTMS, when naming improvements manifested behaviorally. Instead, a more posterior region within the right IFG, pars opercularis (rPOp; BA 6/44/46), was more active for picture naming than for pattern viewing at 6 months post-rTMS.
Moreover, at baseline, the majority of regions with greater activation for picture naming than for pattern viewing were located in the right hemisphere (ie, right occipital, fusiform, parahippocampal, and middle temporal gyri), with the exception of one frontal region, the Data were unavailable for Patient 7. Scores reflect percent accuracy, and scores in bold (totals) reflect percent accuracy collapsed across repeated and novel stimuli. *Patient received rTMS treatment, but did not participate in the functional magnetic resonance imaging portion of the study. rTMS = repetitive transcranial magnetic stimulation. left middle frontal gyrus. At 6 months post-rTMS, by contrast, the regions with greater activation for picture naming than for pattern viewing were largely left lateralized, with the exception of the rPOp and right superior temporal gyrus mentioned above. These left hemisphere regions included the left medial frontal and cingulate gyri, supplemental motor area, and fusiform gyrus.
It is worth noting that the group-level analyses are subject to the heterogeneity of lesion size and location among participants. That is, these analyses excluded voxels in which a lesion was present in at least one participant. Consequently, we cannot draw inferences about perilesional activation on a participant-by-participant basis. However, because the same lesioned voxels were excluded in both the baseline and 6-month group-level analyses, we can be confident that the overall increase in the number of left hemispheric regions recruited for naming post-rTMS reflects bilateral changes in the neural network recruited for language.
DISCUSSION
In this study, we investigated the neural substrates of long-term naming improvements following a course of rTMS in patients with poststroke aphasia. The behavioral findings revealed that inhibitory rTMS to the right IFG persistently improved naming performance, which was most apparent 6 months after stimulation. We attribute this long-lasting improvement in naming abilities to the stimulation itself, rather than some other coincidental factor that could potentially influence language performance at later time points, for two reasons. First, we found an immediate effect of rTMS on naming, whereby participants were more accurate in naming pictures immediately after, as compared to before, the application of stimulation, consistent with evidence presented elsewhere (eg, Naeser et al, 2002) . Second, to the best of our knowledge, our patients did not undergo other forms of therapy during this study, and so had no concurrent behavioral treatments that might have increased their naming accuracy 6 months after rTMS. The neuroimaging findings demonstrated that the patients' improvements were associated with (1) a posterior shift in the recruitment of the right IFG for picture naming and (2) the recruitment of bilateral regions different from those recruited for picture naming before rTMS. Importantly, these findings suggest that rTMS to the right IFG facilitates naming in aphasia by modulating the recruitment of right hemisphere regions for word retrieval, rather than suppressing the involvement of the right hemisphere more globally. Together, our results suggest that this neuromodulation approach confers long-lasting benefits by inducing a dynamic process of neural network reorganization that requires time to manifest behaviorally.
Our findings provide evidence against the purported mechanism by which TMS is thought to enhance aphasia recovery. Previous studies using TMS as an aphasia treatment have applied either inhibitory stimulation to the right prefrontal cortex (Winhuisen et al, 2005 (Winhuisen et al, , 2007 *Scores reflect percent accuracy. The majority of patients (n = 6) completed three baseline sessions, whereas the others (n = 3) completed one, two, and four baseline sessions. †Patient received rTMS treatment, but did not participate in the functional magnetic resonance imaging portion of the study. rTMS = repetitive transcranial magnetic stimulation. NA = not applicable.
FIGURE 3. Behavioral results showing the immediate effects of repetitive transcranial magnetic stimulation (rTMS) therapy.
A: Mean percent correct (collapsed across repeated and novel items) and associated within-subjects 95% confidence intervals for pre-rTMS and post-rTMS performance on the first and last days of treatment. B: Mean stimulation effect (difference between postrTMS and pre-rTMS mean naming accuracy) and associated within-subjects 95% confidence intervals for repeated and novel items on the first and last days of treatment.
or excitatory stimulation to the left prefrontal cortex (Griffis et al, 2016; Szaflarski et al, 2011) under the assumption that right hemisphere recruitment is generally maladaptive in aphasia recovery. In particular, this model predicts that suppressing the right IFG, as was done in the current study, should produce language gains by releasing the left hemisphere from the transcallosal inhibitory effects of the overactive right hemisphere, thereby allowing the left hemisphere to reacquire language function (Fregni and Pascual-Leone, 2007) . However, we found that improved naming performance 6 months post-rTMS was associated with activity in a region within the right IFG. Thus, these findings are not consistent with the assumption that activation of the right hemisphere for language tasks is detrimental to aphasia recovery, and suggest instead that right hemisphere language homologues may compensate for the stroke-caused loss of language function in the native left hemisphere. Importantly, our results support a growing body of research indicating that the role of the right hemisphere in aphasia recovery is multifaceted Turkeltaub et al, 2011 Turkeltaub et al, , 2012 . We found that rTMS-induced naming improvements were associated with the recruitment of a right IFG region (ie, rPOp) located more posteriorly to that which was recruited at baseline (ie, rPTr). This suggests that the rPTr may FIGURE 4. Behavioral results showing long-term effects of repetitive transcranial magnetic stimulation (rTMS) therapy. A: Boston Diagnostic Aphasia Examination naming performance and associated within-subjects 95% confidence intervals at baseline and 2 and 6 months post-rTMS for all patients (n = 9). B: Results for the subset of patients who participated in the functional magnetic resonance imaging portion of the study (n = 6).
FIGURE 5. Neuroimaging results. Regions significantly more active for picture naming than for pattern viewing at baseline (eight images on the left) and 6 months post-rTMS (eight images on the right) found in the group analyses of the subset of patients who participated in the functional magnetic resonance imaging portion of the study (n = 6). Color maps correspond to the t values reflecting the picture naming versus pattern viewing contrast at each time point after thresholding at a voxel-wise level of P < 0.001 (uncorrected) and cluster level of P < 0.05 (family-wise error). Brighter colors represent higher t values.
be ineffective at compensating for language processes following stroke. Consistent with this finding, previous studies have found that inhibiting the rPTr as opposed to other regions within the right hemisphere is most often associated with the best language outcomes, whereas inhibiting other regions often has a negative or null effect on performance (Hamilton et al, 2010; Martin et al, 2009b; Naeser et al, 2005a Naeser et al, , 2005b .
Further, a meta-analysis of neuroimaging studies revealed that patients with left IFG damage tended to recruit homologous right IFG regions for language tasks. Moreover, although most right IFG regions were functionally homologous to their left hemisphere counterparts, this was not the case for the rPTr. The right rPOp, however, is functionally homologous to its left hemisphere counterpart, suggesting that this region may be recruited in a compensatory fashion to perform the role of the lesioned node (Turkeltaub et al, 2011) . TMS therapy may allow this region to assume language processes by inhibiting the deleterious recruitment of the rPTr. Thus, our finding that post-rTMS naming improvements were associated with increased recruitment of the rPOp indicates that this region may be functionally better suited to assume language functions than other regions within the right IFG. Taken together, our fMRI results are consistent with the idea that some regions within the right IFG support aphasia recovery while other right IFG regions may interfere with this process.
Another interesting aspect of our results is that the behavioral benefits of TMS increased with time. The behavioral findings reinforce prior studies showing that the therapeutic benefit of rTMS in poststroke aphasia treatment can last for 2 to 10 months after stimulation (Medina et al, 2012; Turkeltaub et al, 2012) . This benefit becomes more pronounced over time (Hamilton et al, 2010; Naeser et al, 2005a Naeser et al, , 2005b . Our fMRI findings suggest that the behavioral benefits of TMS that emerge over time arise from the functional reorganization of language within the right hemisphere homologue of the Broca area. There are two possible, not mutually exclusive, explanations of the long-lasting and increasingly beneficial effects of rTMS on naming performance. One is that TMS-induced functional reorganization permits more effective recruitment of right hemispheric regions that are well suited for naming. The other is that stimulating a given region within the intact hemisphere "resets" the maladaptive language network in place after a stroke by inducing neuroplastic changes across the network via corticocortical connections (eg, Devlin and Watkins, 2007; Hamilton et al, 2010; Ilmoniemi et al, 1997) . This hypothesis is supported by the finding that neural activity pre-versus post-rTMS treatment featured an increase in the number of left hemisphere regions recruited for picture naming.
Consistent with our findings, previous studies examining the neural substrates of word retrieval improvements following speech-language therapy have also found a posterior shift in right IFG activity (Crosson et al, 2009) and increased activity in perilesional regions (Meinzer et al, 2008) . Further, the findings presented here complement those of a previous study that investigated the neural mechanisms of spontaneous aphasia recovery from the acute to the chronic phase and found an initial increase in right IFG (rPTr and rPOp) activity followed by a later shift in activation toward left hemispheric perilesional regions (Saur et al, 2006) . This bilateral shift in neural activation patterns is similar to what we observed in patients with chronic aphasia 6 months post-rTMS as compared to baseline.
This may suggest that optimal recovery mechanisms (ie, additional recruitment of perilesional regions) for some people with aphasia may fail to occur spontaneously in the subacute time period after stroke, but can be facilitated by the application of rTMS therapy. Thus, the neural mechanisms of TMS-induced recovery may overlap to some extent with those that occur during the natural course of recovery. In turn, the results presented here support the idea that bilateral language networks play an important role in aphasia recovery. The data further indicate that rTMS to a given region invokes a cascade of events downstream, which likely starts the dynamic process of bilateral functional reorganization of the language network. Importantly, we provide new insight into the effectiveness of rTMS therapy in facilitating word retrieval by demonstrating that this treatment protocol confers naming benefits that generalize to novel stimuli over the 10-day course of treatment. That is, naming improvements for repeated stimuli were greatest following rTMS on the first day of stimuli; however, rTMS had greater effects for novel stimuli on the last day of stimulation. Because the repeated and novel stimuli were carefully matched for difficulty and counterbalanced across participants, it is likely that the differential benefits occurring on the first versus last day of stimulation were due to the rTMS itself. Intuitively, it might be expected that TMS-induced naming improvements for repeated items would plateau over the course of treatment. Any improvements observed on the first day after stimulation would likely be present on the last day before stimulation, making it difficult to observe a pre-/post-rTMS difference in performance on the last day of stimulation. By contrast, TMS conferred generalization with respect to naming novel stimuli by the end of a 10-day course of treatment (but not after only 1 day of treatment).
As noted previously, the effectiveness of an aphasia treatment protocol is often determined by its generalization to related language stimuli and tasks (eg, Kiran and Bassetto, 2008) . To date, however, few studies employing neuromodulation techniques like TMS or transcranial direct current stimulation have assessed whether these treatment approaches facilitate generalization to novel items in naming. A few studies have shown that rTMS combined with behavioral interventions leads to generalization in naming tasks (Cotelli et al, 2011; see Tippett et al, 2015 , for evidence of generalization in patients with primary progressive aphasia following transcranial direct current stimulation). Here, we extend findings from previous research, demonstrating that rTMS therapy can also improve naming performance for novel items in the absence of concurrent speech-language therapy when administered across several days.
Of note, we examined generalization for only the first and last days of the 10-day course of rTMS therapy. Research using behavioral interventions has found that generalization to novel (untrained) stimuli is a short-lived effect, with larger and long-lasting treatment effects for those items that were trained in the treatment protocol (for reviews, see Kiran and Bassetto, 2008; Nickels, 2002) . Future studies will need to establish whether NBS treatment approaches, whether administered concurrently with behavioral treatments (eg, Tippett et al, 2015) or alone, confer more robust and persistent generalization effects. Determining this has the potential to inform the development of optimal treatment protocols that best utilize resources and time.
Finally, it is important to note that our patients differed in their response to rTMS therapy, which may reflect differences in neuroplastic mechanisms of language recovery Heiss and Thiel, 2006; Martin et al, 2009a; Shah-Basak et al, 2015; Torres et al, 2013) . For instance, time since stroke and lesion distribution have been shown to affect neuroplastic changes in the cortical network underpinning language recovery (eg, Saur et al, 2006 ). This in turn may influence how individuals respond to NBS treatment (Shah-Basak et al, 2015 ; for reviews, see Hamilton et al, 2011; Heiss and Thiel, 2006; Torres et al, 2013) . We assessed whether time since stroke and/or lesion size accounted for variability in response to rTMS among our participants, but did not find a significant relationship between rTMS response (calculated as percent increase in naming performance from baseline to 2 and 6 months post-rTMS) and time since stroke (all r values <0.31 and P values > 0.42) or lesion volume (all r values <0.23 and P values > 0.57) at either time point.
Lesion location, rather than lesion size, may be a better predictor of response to rTMS therapy, as the specific regions affected by stroke may affect the capacity for functional reorganization of language processes. Indeed, evidence that lesion location might play a role in a person's response to TMS therapy has been reported (Martin et al, 2009a) , and may provide an explanation for the variability in TMS responses that we found.
Our sample size is likely not sufficient to reliably assess whether variable responses to TMS therapy were due to differences in lesion location and/or other factors affecting neuroplastic mechanisms in aphasia, such as lesion size and time since stroke. In the future, it will be important to conduct larger-scale studies that have the power to account for such variables in predicting individual responsiveness to NBS treatment protocols in aphasia. Such information is needed for optimal stratification of these treatment approaches.
To our knowledge, this is one of only a few studies to investigate not only neural changes after rTMS of the right IFG in patients with chronic aphasia but also whether rTMS therapy confers generalization to novel stimuli within the context of naming. Moreover, it is the first to do so in the absence of concurrent formal speech-language therapy (eg, Griffis et al, 2016; Hara et al, 2015) .
While our findings are promising, the study had limitations that should be considered. First, participants named the same items across the behavioral testing sessions of interest with respect to neuroimaging data collection, potentially introducing practice effects. This seems an unlikely explanation for our findings given that most patients exhibited stable performance across all prerTMS (baseline) sessions, and our results revealed TMSinduced naming improvements for novel stimuli. A second limitation is that the control task, pattern viewing, may not have been ideal for isolating the cortical network underpinning picture naming. It does not control for other processes potentially involved in naming pictures (eg, attentional demand and/or motor speech processes) not of interest in the current study. However, given the correspondence between the regions identified here and prior work using fMRI in stroke aphasia (eg, Rosen et al, 2000; Saur et al, 2006) , we can be fairly confident that our results represent neural activation patterns associated with picture naming. Third, the fMRI analyses may have been underpowered, as only six patients participated in this portion of the protocol, potentially limiting our ability to detect changes in the left hemisphere because of the effects of infarctions. Finally, our study did not include a control group. Future work must replicate and extend these findings.
In conclusion, the persistence of rTMS treatment effects and associated cortical activation patterns found in the current study are of critical interest in the neurorehabilitation of aphasia because they suggest that the effects of rTMS on the right IFG (1) reinforce themselves over time even without additional treatment, (2) prompt a bilateral shift in the recruitment of language regions, and, critically, (3) modulate the recruitment of regions within the right IFG, rather than suppressing it entirely. These findings provide insight into the neuroplastic mechanisms underlying language recovery and how complex neural systems can be altered focally to enhance recovery.
